ABSTRACT Consumer awareness of the health benefits of n-3 fatty acids is growing and is driving consumer demand for enriched food products. Enrichment of meat with n-3 fatty acids is an opportunity for the broiler production sector to add value to their product, but enrichment can increase the cost of production. A study was conducted to determine an optimal production strategy for n-3 enrichment of broiler meat using ground full-fat flaxseed. Low and high levels of dietary flaxseed (10 and 17%, respectively) were fed to broilers for 8 lengths of time (0, 4, 8, 12, 16, 20, 24, or 35 d) before processing at 35 d. Increasing the level or duration decreased feed intake, BW, and the percentage yield of carcass and breast. Flaxseed level and duration of feeding increased feed conversion ratios and the cost of production. Feeding flaxseed at 10 and 17% increased breast n-3 fatty acid levels by 7.65 and 13.70 mg/100 g of meat per day, respectively. In breast meat, the threshold level of 300 mg/g, required in Canada for labeling foods as a source of n-3 fatty acids, was reached at 12.1 and 24.1 d in the high and low flaxseed treatments, respectively. This was due primarily to a tripling of α-linolenic acid (18:3n-3) levels in the breast meat. Levels of the long-chain n-3 fatty acid eicosapentaenoic acid increased significantly in the breast meat with increased level and duration of flax feeding, indicating that birds were able to desaturate and elongate α-linolenic acid to eicosapentaenoic acid. To minimize cost, while achieving adequate breast meat n-3 enrichment, carcass weight, and meat yield, feeding 10% flaxseed for 24.1 d before processing is recommended as an optimal breast meat n-3 enrichment strategy. The optimal thigh meat n-3 enrichment strategy was to feed 10% flaxseed for 4.54 d before processing.
INTRODUCTION
Consumers are becoming more aware of the effect of their diet on their health and are associating dietary choices with long-term health objectives (Sloan, 2004) . One of the ways consumers may reduce their risk of cardiovascular and other disease is by consuming more polyunsaturated fatty acids (PUFA), particularly n-3 fatty acids (Gebauer et al., 2006; Harris et al., 2007; von Schacky and Harris, 2007) . The most important n-3 fatty acids in human nutrition are eicosapentaenoic acid (EPA; 20:5n-3) and docosahexaenoic acid (DHA; 22:6n-3), and α-linolenic (LNA; 18:3n-3) in that it serves as a precursor for the synthesis of EPA and DHA (Burdge, 2004; Arterburn et al., 2006; Gebauer et al., 2006) . Omega-3 fatty acids, especially EPA and DHA, are important anti-inflammatory agents, with important roles in mitigating effects associated with proinflammatory cytokines in diseases such as coronary heart disease, major depression, aging, and cancer and autoimmune diseases such as Crohn's disease, ulcerative colitis, and lupus erythematosus (Simopoulos, 2002) . The International Society for the Study of Fatty Acids and Lipids recommended a daily intake of 2,220 mg of LNA and 650 mg of EPA + DHA, with a minimum of 220 mg of both EPA and DHA (Simopoulos et al., 1999) . The same group recommended a minimum daily intake of 300 mg of DHA for pregnant and lactating women due to the important role of essential fatty acids in embryonic and infant brain development. The typical American intake of LNA is estimated to be approximately 1,300 mg/d (Arterburn et al., 2006) ; DHA + EPA intake is estimated to be only 100 mg/d (Arterburn et al., 2006) . The Canadian Food Inspection Agency (2003) permits labeling of food as a source of n-3 PUFA if it meets the threshold level of 0.3 g per reference amount and serving of stated size, or 0.3 g or more per 100-g serving in prepackaged meals. Mozaffarian and Rimm (2006) conducted meta-analyses of published research on the health benefits and risks of fish consumption and found the benefits to exceed the potential risks. However, Verbeke et al. (2005) reported that Belgian consumers had a greater perception of fish as a source of potential contaminants such as pesticides and chemical residues than as a source of n-3 PUFA. Therefore, consumers may consider novel products enriched with n-3 PUFA to be a preferable way to achieve recommended intakes of these fatty acids.
Flaxseed contains high levels of LNA (Rodriguez et al., 2001) and is a good candidate for enriching broiler meat with n-3 fatty acids. Historically, flax has been approximately twice the price of wheat and corn. Flax is known to have antinutritional properties that negatively affect broiler performance (Alzueta et al., 2003) . Some of the compounds identified as potential problems for livestock include mucilage, linatine dipeptide (a vitamin B 6 antagonist), cyanogenic glycosides, trypsin inhibitors, and phytic acid (Madhusudhan et al., 1986) . To reduce feeding costs and maximize both live performance and the uptake of beneficial PUFA into broiler meat, it may be beneficial to feed flaxseed to broilers for a portion of the bird's life before processing rather than throughout the grow-out cycle.
The objectives of this trial were to identify, for 2 levels of dietary flaxseed enrichment, the optimal duration that diets must be provided to achieve enrichment of the broiler thigh and breast meat to a level of 300 mg/100 g of n-3 fatty acids, the fates of fatty acid classes after consumption by broilers, and the effects of the dietary treatments on live performance, carcass and meat yields, and economics of production. A key benefit of this optimization approach is to add value to dark meat.
MATERIALS AND METHODS

Experimental Design
An institutional animal care and use committee approved all experimental protocols, which were in accordance with the Canadian Council on Animal Care (CCAC, 1993) guidelines. This experiment was conducted as a 2 × 8 factorial arrangement of treatments, with 2 levels and 8 durations of dietary flaxseed feeding before slaughter (Table 1 ). Low and high levels of ground whole flaxseed were included at 10 and 17% of the diet, respectively. A control diet containing no flaxseed was provided before feeding the flaxseed diets. Dietary enrichment was provided for 8 lengths of time (durations) before processing: 0 (control), 4, 8, 12, 16, 20, 24, and 35 d. Birds were processed at 35 d of age. All diets were fed in mash form.
Experimental Diets
Three nutritional phases were used. The starter was fed from 0 to 11 d of age, the grower from 11 to 23 d of age, and the finisher from 23 to 34 d of age. Because poor performance was anticipated with feeding flaxseed to very young broilers, the high flaxseed diet was not provided during the starter phase (0 to 11 d); birds on the 17% flaxseed × 35-d duration interaction were provided the 10% flaxseed diet from d 0 to 11 and then 17% flaxseed to 35 d. To ensure that effects on growth and yield were due to dietary flaxseed, diets were balanced for 6 amino acids (Met, Met + Cys, Lys, Trp, Thr, and Arg), ME, and total crude fat content. To achieve balanced amino acid profiles, CP content was allowed to fluctuate to a maximum difference of 1% among diets within each phase (Table 2) . Fatty acid composition of the diets was determined and is also presented in Table  2 . The diets and water were provided ad libitum for the entire 35-d trial.
Stocks, Management, and Sampling
A total of 800 Ross × Ross 308 mixed-sex broilers were used in this study. At day of hatch, 25 chicks were placed randomly into each of 32 pens. A lighting program of 23L:1D was used for the entire 35-d growing period. Group BW were measured on all pens at each time a duration treatment was added to the experiment (d 0, 11, 15, 19, 23, 27 , and 31) and on d 34. Body weight gain and feed conversion rate (FCR) were calculated for each period.
On d 35, all birds were processed after a 12-h feed withdrawal period. The birds were electrically stunned, then bled for 2 min. After scalding (63°C) for 45 s, NA  4  31  31  8  27  27  12  23  23  16  19  19  20  15  15  24  11  11  35  0  0   4   1 The table data show the ages at which broilers on the various duration treatments began to receive a diet containing either a low (10%) or high (17%) level of ground whole flaxseed meal.
2 Length of time (d) birds received a diet containing flaxseed before processing at 35 d; a control diet containing no flaxseed was provided prior. Birds in the control treatment received the control diet throughout.
3 Birds in the control treatment did not receive diets containing flaxseed. NA = not applicable. 4 To prevent underperformance associated with high dietary flaxseed in young broilers, the diet provided from 0 to 11 d contained 10% ground flaxseed for both the 10 and 17% dietary flaxseed treatment.
carcasses were mechanically defeathered and manually eviscerated. They were cut up (Barbut, 2002) after an internal carcass temperature of 4°C was reached (approximately 4 to 6 h). Sex was verified at processing, and carcass, breast (pectoralis major + pectoralis minor), and thigh weights were recorded on 24 birds per treatment (n = 384). Carcass yield was calculated as eviscerated carcass with neck, feet, and abdominal fatpad removed, as percentage of live BW at the time of feed withdrawal.
Fatty Acid Analysis
Lipids were extracted from 2-g samples of ground feed and pulverized breast meat using methodology described by Folch et al. (1957) . In preparation for analysis, breast meat samples were frozen at −80°C, then pulverized. Fat was extracted from all samples using a chloroform:methanol solution (2:1), precipitated with NaCl and centrifuged to separate the fat. The lipid fraction was resuspended and fatty acid profile was de- 1 The low (10%) ground flaxseed diet was provided to both the low and high treatments of broiler chickens during the first 11 d of the trial. 2 The microingredient mix contained (per kg of diet): iron, 100 mg; zinc, 80 mg; manganese, 70 mg; copper, 8.5 mg; iodine, 0.5 mg; selenium, 0.1 mg; vitamin A, 10,000 IU; vitamin D 3 , 2,500 IU; vitamin E, 50 IU; vitamin K (menadione), 2 mg; niacin, 65 mg; d-pantothenic acid, 14 mg; riboflavin, 5 mg; pyridoxine, 4 mg; thiamine, 2 mg; folic acid, 0.8 mg; biotin, 0.18 mg; vitamin B 12 , 0.015 mg; choline, 0 mg; Avizyme 1300 (Danisco Animal Nutrition, Marlborough, Wiltshire, UK), 500 mg; bacitracin methylene disalicylate (BMD 110 G, Alpharma, Mississauga, Ontario, Canada), 500 mg; choline chloride, 400 mg; Sacox 120 (Intervet Canada, Whitby, Ontario, Canada), 500 mg.
3 ND = not detected. 4 Total saturated fatty acids calculated as 14:0 + 15:0 + 16:0 + 18:0 + 20:0. 5 Total monounsaturated fatty acids calculated as 12:1 + 13:1 + 16:1n-7 + 18:1n-7 + 18:1n-9 + 20:1n-15 + 22:1n-9. 6 Total polyunsaturated fatty acids calculated as 18:2n-6 + 18:3n-3 + 18:3n-6 + 20:2n-6 + 20:3n-6 + 20:4n-6 + 20:5n-3 + 22:2 + 22:4n-6 + 22:5n-3 + 22:6n-3.
7 Total n-3 fatty acids calculated as 18:3n-3 + 22:5n-3 + 22:6n-3. 8 Total n-6 fatty acids calculated as 18:3n-6 + 20:2n-6 + 20:3n-6 + 20:4n-6 + 22:4n-6. termined using gas chromatography (Varian 3400, Palo Alto, CA) with a BPX70 
Cost of Production Analysis
An economic analysis was conducted to compare the live production costs for birds reared on the various experimental treatments. Body weight and feed conversion data for each experimental unit (pen) were used as inputs in the economic analysis and extrapolated to a commercial scale. A unit producing 50,000 kg was simulated using the broiler module of the Broiler Chicken Supply Chain Model (Version 2.49, Alberta Agriculture and Food, Edmonton, Alberta, Canada). Feed prices for the control starter, grower, and finisher diets were $332, $297, and $296/tonne, respectively. Overall weighted feed costs, based on the intake of each diet, were estimated for each treatment on a dollars per tonne basis. Total costs were estimated on a dollars per kilogram (live weight) basis. All values are reported in Canadian dollars.
Statistical Analysis
The MIXED procedure of SAS (SAS Institute, 2003) was used to conduct ANOVA and to calculate linear regression coefficients. Means were separated using pairwise tests, and differences between means are reported as significant at the P < 0.05 level. Because breast and thigh weights varied with carcass weight, which differed among treatments, these variables were analyzed with eviscerated BW as a covariate. Separate variances for each level × duration were estimated. The Bayesian information criterion was used to determine appropriate treatment-specific variance estimates. Allometric (nonlinear) analysis of meat yield was conducted to compare yield dynamics under the various experimental treatments using the NLIN procedure of SAS (SAS Institute, 2003 ). Huxley's allometric equation (y = ax b ) was used for the analysis, where y was the weight of the carcass part, x was carcass weight, and [a,b] were estimated coefficients. Differences between yield curves were determined using a curve comparison procedure described by Motulsky and Ransnas (1987) .
To estimate the duration of dietary flaxseed required to reach the maximum concentration of n-3 enrichment of meat, broken-stick analysis, or piecewise regression (Toms and Lesperance, 2003) , was conducted for each dietary flaxseed level using the NLIN procedure of SAS (SAS Institute, 2003) . The piecewise regression model consisted of a linear response of breast n-3 PUFA concentration to dietary flaxseed duration, up to a theoretical breakpoint where a maximum concentration was reached, specific to each level of dietary flaxseed. The model was specified as follows:
where y is the n-3 PUFA concentration in breast meat (mg/100 g); x is the duration for which dietary flaxseed was provided (d); C is the plateau, or maximum level of n-3 PUFA enrichment achieved within a dietary flaxseed level [mg/100 g; C = β 0 + β 1 (α)]; α is the breakpoint, or the threshold duration (d) of dietary flaxseed at which the plateau was reached [α = (C − β 0 )/ β 1 ]; β 0 is the intercept (n-3 level in breast meat on the control diet; mg/100 g); and β 1 is a linear coefficient describing the rate of change in n-3 PUFA in breast meat (mg/100 g per d). An enrichment level of 300 mg of n-3 fatty acids per 100 g of meat was used as the minimum threshold for extracting extra value from the market. With the assumption that an enriched carcass is a static value, which is greater than a carcass that is not n-3-enriched, minimized cost of an enriched carcass is considered the optimal solution.
RESULTS AND DISCUSSION
Live Performance
BW. Broiler performance was negatively affected by increasing either level or duration of ground whole flaxseed in the diet. Although the treatment diets were formulated to provide similar macronutrient levels, increased dietary flaxseed levels and increased durations interacted to reduce growth rate and to reduce BW ( Figure 1 ). There was a significant decrease in 34-d BW among birds that received the low flaxseed diet for 16 d, whereas a significant reduction in BW occurred with only 8 d of enrichment in the high flaxseed treatment (Table 3) . The interaction between level and duration was significant. The effect of duration on BW reduction was greater in the high flaxseed treatment than in the low treatment. At 34 d of age, BW was reduced by approximately 11 g per day that the birds had received the 10% flaxseed diet and by 24 g per day that birds had received the 17% flaxseed diet. Regression equations to predict 34-d BW (g) resulting from the 2 levels of enrichment with flaxseed were as follows:
Low: BW = 1,732 -10.75 × D; R 2 = 0.21; P < 0.0001
where D was the duration (d) before processing that broilers received the flaxseed-enriched diets. In both the low and high flaxseed treatments, BW gains dropped relative to the control treatment in the 4 d immediately after the change to the experimental diet (Figure 1 ). During the first 4 d immediately after transition to the flaxseed diets, the rate of BW gain of the high treatment birds dropped below the rate of gain in the previous 4-d period. As chickens mature, their ability to extract nutrients from flax increases (Gonzalez-Esquerra and Leeson, 2000) ; however, the effect of switching the birds to the flax-containing diets was observed at all ages, indicating that broilers require adaptation to a flax-containing diet.
Research demonstrating a depressive effect of flaxseed on broiler growth is not a new finding. Ajuyah et al. (1991) and Shen et al. (2005) observed significant decreases in live weight of broilers fed on diets containing 20% flaxseed from 1 to 42 d of age. Lee et al. (1991) fed diets containing 10 or 20% flaxseed to broilers for 6 wk and found dose-related depression in BW and increased FCR. The depression in bird performance appears to be due to poor energy availability (Lee et al., , 1995 Rodriguez et al., 2001 ) and antinutritional factors including hull-associated mucilage, linatine dipeptide, cyanogenic glycosides, trypsin inhibitors, and phytic acid (Madhusudhan et al., 1986) .
Feed Intake. There were no treatment effects on feed intake in the 11-d starter period (Table 3 ). In the grower phase (11 to 23 d of age), feed intake was higher in the low compared with the high flaxseed treatment. In the low flaxseed treatment, feed intake was higher in the 20-d duration treatment than all other durations. This effect was erratic, and may have been due to higher rates of feed wasting behavior, although throughout the study, higher feed intakes were noted in each experimental unit of the 20-d duration treatment. Palatability was not likely the cause of reduced growth because transition from the control to either flaxseed diet did not tend to result in reduced feed intake (data not shown). In the finisher phase, feed intake was lower in the high compared with the low flaxseed treatment, and lowest in birds on flaxseed diets for the 24-d duration. There was a duration × level interaction for weighted feed costs. Because the birds on the 0-, 4-, 8-, 12-, and 16-d duration treatments did not receive flax diets during the grower phase, their weighted feed costs during that phase were identical. Because of the cost of adding flax to the diets, weighted feed costs diverged, and the cost of feeding the high flaxseed diet was increasingly higher than the low flaxseed treatment with longer durations.
Feed Conversion. Level of dietary flaxseed, the duration of feeding, and the level × duration interaction significantly affected FCR (Table 3) . Feed conversion ratios ranged from 1.812 in broilers that did not receive dietary flaxseed to 2.243 and 3.078 in birds that received the low and high dietary flaxseed diets, respectively, for 34 d. Across all durations, FCR were higher in birds fed the high compared with low flaxseed diets (2.257 vs. 2.056, respectively). Relative to the control treatments (duration = 0), FCR increased significantly in birds fed flaxseed for 12 d or longer in the high flaxseed treatment, and for16 d or longer in the low flaxseed treatment. Increased feed intake and FCR due to flaxseed feeding have been reported previously (Nguyen et al., 2003) , which may have been caused by a decrease in digestibility due to a 3-fold increase in jejunal digesta viscosity, which they observed in flaxseed-fed broilers.
It should be noted that broilers in the current experiment did not perform at commercial levels. This was due in part to high dietary fat and fiber levels in flaxseed. Diets within each phase were formulated with similar dietary fat and fiber levels to ensure that any observed performance differences were due to dietary flaxseed. Therefore, the current results may underestimate commercial performance costs of flaxseed feeding. 
Economic Analysis
Because the value of the enriched meat is independent of the precise production methodology, the cost of producing the enriched product was the focus of this analysis. Several factors contributed to higher live production costs. Weighted feed cost increased with dietary flaxseed inclusion, FCR were poorer, and BW was reduced with greater flaxseed intakes ( Table 3) . As a result, both the level and duration of dietary enrichment with ground flaxseed increased the live cost of production (Table 3) . Regression equations to predict the cost of production of broilers fed 17 and 10% ground flaxseed were as follows: where Cost was total cost of production ($/kg, live) and D was the length of time before processing (d) that broilers received the flaxseed-enriched diets. The equations infer that the live cost of production increased by $0.031/kg (2.5%) per day that the 17% dietary flaxseed was fed, and by $0.013 (1.0%) per day, that flaxseed was provided at 10% of the diet. These estimates reflect both reduced performance and higher feed costs associated with feeding flaxseed.
Meat Yield and Fatty Acid Enrichment
Effects of Sex. As expected, live BW was higher in male broilers compared with females (1,625 ± 22 vs. 1,456 ± 18 g, respectively). Similarly, male carcass weights (976 ± 15 g) were higher than females (872 ± 12 g). Breast weight was higher for males than females (249 ± 4.7 vs. 223 ± 3.9 g, respectively). Thigh weight was also higher for males than females (154 ± 2.7 vs. 141 ± 2.2 g, respectively). There were no interactions between sex and the level or duration of flax feeding.
Effects of Flaxseed. Compared with the low level, the high flaxseed level resulted in lower BW of the birds that were processed (Table 4) . Carcass weight, breast and thigh weight, and carcass and breast percentage yield were also lower in the high compared with the low flaxseed treatment. Carcass yield was relatively low, partly due to the relatively young processing age, and partly due to processing methodology, because carcass yield did not include neck or any portion of the abdominal fatpad. Thigh yield as a percentage of eviscerated BW was not reduced in the high flaxseed treatment compared with the low treatment. Body weight at feed withdrawal, carcass weight, breast weight, thigh weight, and carcass and breast yields were all reduced with increasing dietary flaxseed duration. Significant carcass yield differences were seen with the 20-d and longer durations. This effect was more significant in the high flaxseed treatment. Breast yield decreased from 17.0% in the control birds to 15.7% of live BW at the 12-d duration, and further with increased durations. Breast yield was only 12% of live BW in birds fed flaxseed for 35 d. Thigh yield was not significantly different from the control birds with any duration of flaxseed feeding. In contrast with the current study, Shen et al. (2005) found no effects of up to 17% flaxseed fed as whole seed, ground, or pelleting followed by comminuting on breast percentage yield. Reduced breast meat yield has economic implications for the supply chain beyond the scope of the analysis conducted in the current study.
Allometric analysis of breast weight relative to BW indicated that the breast yield curve was significantly different compared with the control birds after 16 d on the low flaxseed diet, or 12 d on the high flaxseed diet. In the current study, this reduction in breast muscle deposition was likely due to reduced nutrient availability in birds fed flaxseed because diets within each phase were formulated to provide similar energy, amino acid, fat, fiber, vitamin, and mineral levels ( Table 2) . Kamran et al. (2008) demonstrated across wide ranges in dietary ME content (2,650 to 3,150 kcal/kg) that if diets contain similar energy-to-protein ratios, percentage breast yield of 35-d-old broilers is not affected. There is strong evidence that dietary protein levels have a substantial effect on breast yield (Corzo et al., 2005; Leeson and Summers, 2005) . Thus, in the current study, it is likely that protein digestibility or absorption was reduced in flaxseed-containing diets, resulting in decreased breast muscle deposition relative to growth in the rest of the carcass. In the gut, whole ground flaxseed may have interfered with digestion or absorption (Alzueta et al., 2003) . When the functional properties of meat were studied (Betti et al., 2009 ), significant differences from birds fed flaxseed were evident, with duration of flaxseed feeding being the most substantial effect. Flaxseedinduced changes in the fatty acid composition of breast muscle (Table 5 ) may have caused these differences in growth rate and functional properties.
A significant interaction between level and duration of feeding was observed for carcass and meat weight and yield, with larger weight and yield reductions in the high dietary flaxseed treatment with increasing duration (Table 4 ). The effect of flaxseed on lowering BW, carcass weight, breast and thigh weight, carcass yield, and breast yield was similar in the low and high flaxseed diets for short to moderate durations (4 to 12 d), but weights and yields were severely affected when birds were fed the high level of flaxseed for long durations (20 to 35 d). However, broken-stick regression did not identify separate slope regions of meat weight or yield in response to flaxseed duration.
Regression equations to predict carcass weights (g) of 34-d-old broilers resulting from the 2 levels of enrichment with flaxseed were as follows: This indicates that total n-3 concentrations in the breast meat increased at 7.65 mg/100 g per day that the birds received the low flaxseed diet, compared with 13.70 mg/100 g per day that the birds received the high flaxseed diet. Maximum concentrations of total n-3 fatty acids reached plateaus of 353.7 and 316.4 mg/100 g in birds on the high and low flaxseed diets, respectively, after 16.2 and 26.2 d of flaxseed feeding in the high and low treatments, respectively. The threshold level of 300 mg of total n-3 fatty acids per 100 g of breast meat was achieved after 12.1 d of dietary enrichment with 17% ground flaxseed, and at 24.1 d in the low treatment. Because considerable variation was observed in breast meat enrichment, further research linking dietary changes to feed intake and enrichment in individuals will be important for certification of breast meat n-3 enrichment. Means within column within flax level with no common superscript are significantly different (P < 0.05).
1
Data from the sample of birds (n = 384) that were randomly selected for yield analysis. OPTIMIZED OMEGA-3 ENRICHMENT OF BROILER MEAT Thigh Tissue Fatty Acid Profiles. Total fat content of thigh meat was higher in birds on the high flaxseed diet (13.9%), compared with birds on the low flaxseed diet (12.3%; P = 0.0007), and increased from an average of 12.3% after 0 to 16 d of enrichment to 14.4% with 20 to 35 d of enrichment (P = 0.0064; data not shown). Dietary enrichment with either 10 or 17% ground flaxseed resulted in increased total n-3 fatty acid levels in broiler thigh meat (Table 6) Thus, total n-3 concentrations in thigh meat increased at a rate of 16.3 mg/100 g per day when birds received the low flaxseed diet and 41.6 mg/100 g per day on the high flaxseed diet. Maximum concentrations of total n-3 fatty acids were 492 and 692 mg/100 g of meat in the low and high flaxseed treatments, respectively, and were reached at 16.3 and 12.2 d of dietary enrichment, respectively. The threshold level of 300 mg/100 g of thigh meat, required for labeling as a source of n-3 fatty acids, was achieved after 4.5 d on the low flaxseed treatment and 2.75 d on the high flaxseed treatment. Table 5 . Level of α-linolenic acid (LNA; 18:3n-3), eicosapentaenoic acid (EPA; 20:5n-3), docosahexaenoic acid (DHA; 22:6n-3), total saturated fatty acids (SFA), monounsaturated fatty acids (MUFA), polyunsaturated fatty acids (PUFA), n-3 fatty acids, and n-6 fatty acids in breast meat of mixed-sex broilers fed low (10%) or high (17%) levels of dietary ground flaxseed for varied durations before 35-d processing The majority of n-3 PUFA enrichment of the breast and thigh meat was in the form of LNA. In breast meat there was a 3-fold increase in LNA after 16 d of dietary enrichment with 17% ground flaxseed. In both breast and thigh meat, maximum levels of LNA and EPA in the high flaxseed treatments were greater than the maximum observed in the low flaxseed treatments. In breast and thigh meat, EPA levels doubled after 12 or 8 d, and more than tripled after 35 d of enrichment at the high flaxseed level. In breast meat, DHA levels were not affected by either level or duration of flaxseed, whereas in thigh meat, DHA levels were increased in the high flaxseed treatment compared with the low flaxseed treatment, and with the longest duration of enrichment.
The diets contained no long-chain n-3 PUFA (Table  2) , indicating a conversion of LNA to EPA. Metabolically, DHA is formed with EPA as an intermediate using desaturase and elongase enzymes (Schmitz and Ecker, 2008) . It is notable that chicks are able to convert some dietary LNA to EPA and DHA (Fritsche et al., 1991; An et al., 1997) , meaning that EPA and DHA are not exclusively available from fish and other marine products. This has positive implications for consumer health because humans have poor ability to convert LNA to the longer EPA and DHA fatty acids (Grimsgaard et al., 1997) due to competition between n-3 and n-6 PUFA for desaturation and elongation enzymes (Bezard et al., 1994; Contreras and Rapoport, 2002) and increased LNA oxidation with increasing LNA in- Table 6 . Level of α-linolenic acid (LNA; 18:3n-3), eicosapentaenoic acid (EPA; 20:5n-3), docosahexaenoic acid (DHA; 22:6n-3), total saturated fatty acids (SFA), monounsaturated fatty acids (MUFA), polyunsaturated fatty acids (PUFA), n-3 fatty acids, and n-6 fatty acids in thigh meat of mixed-sex broilers fed low (10%) or high (17%) levels of dietary ground flaxseed for varied durations before 35-d processing take (Vermunt et al., 2000) . However, EPA and DHA levels in chicken meat are relatively low, with a 100-g serving providing only 5% of recommended daily intake. Consistent with the current study, Lopez-Ferrer et al. (2001) also found increased EPA levels in thigh meat with a dietary inclusion rate of 4%, compared with 0 or 2% linseed oil. Azcona et al. (2008) also found that vegetable oil sources resulted in elevated EPA levels in chickens. Total saturated fatty acid levels in breast (Table 5 ) and thigh meat (Table 6 ) increased with increased duration of flaxseed feeding. Total MUFA levels were not affected by level or duration of flaxseed feeding, and although in breast meat there was a significant level × duration interaction on total MUFA levels, no clear pattern was discerned (Table 5 ). In breast and thigh meat, total PUFA levels were higher in the high compared with the low flaxseed level and increased with increasing durations of flaxseed feeding. The level of total n-6 fatty acids was not substantially affected by dietary n-3 enrichment, nor was it different after 35 d of feeding either 10 or 17% ground flaxseed. This is somewhat surprising because dietary supplementation with linseed oil reduced linoleic acid and arachidonic acid deposition in liver of chicks relative to chicks fed palm oil or safflower oil . However, the ratio of n-6:n-3 decreased from 3.39 to 1.28 and 1.08 after 16 and 35 d of dietary enrichment with 17% ground flaxseed, respectively. Similar results were reported by Schneiderova et al. (2007) using linseed oil as a source of n-3 PUFA.
Optimization
Durations Required for Enrichment. Broken-stick analysis indicated that the maximum total n-3 PUFA levels in breast meat ( Figure 2A ) occurred at 16.2 d in the high dietary flaxseed treatment and 26.2 d in the low dietary flaxseed treatment, and that the threshold level of 300 mg of total n-3 fatty acid per 100 g of meat required for labeling the meat as a source of n-3 fatty acids (Canadian Food Inspection Agency, 2003) was reached at 12.1 or 24.1 d in the high and low flaxseed treatments, respectively (expected BW of 1,445 and 1,472 g, respectively). In contrast, n-3 PUFA levels in thigh meat increased at a much greater rate (Figure 2B) . For thigh meat, the labeling threshold was reached in 4.5 or 2.75 d for the low and high flaxseed diets, respectively (expected BW of 1,683 and 1,669 g, respectively).
Optimal Strategy for Breast Meat. To profit from the added value of n-3 enrichment of broiler meat, the threshold level of enrichment required for labeling a product a source of n-3 fatty acids must be reached. However, dietary flaxseed decreased live performance through reduced BW and meat yield and increased FCR such that the live cost of production increased in a linear fashion. For n-3-enriched breast meat from 35-d-old broilers, 2 potential strategies emerge. Because dietary flaxseed increased costs substantially, both strategies involve feeding flaxseed in broiler diets for the shortest possible duration that would achieve the higher value product, which in the current study was 12.1 d on the 17% flaxseed diet, or 24.1 d before processing on the 10% flaxseed diet. According to the regression analysis, the live cost of production for these scenarios would increase by $0.373/kg for the high flaxseed level and $0.318/kg for the low flaxseed level. The strategy of feeding 10% flaxseed for 24.1 d is preferable, resulting in savings of $0.055/kg (live) compared with the high flaxseed level, due to a smaller increase in weighted feed cost and more meat per chick placed.
Optimal Strategy for Thigh Meat. Two additional value-added marketing strategies emerge for thigh meat. These are particularly attractive for North American markets given the current lower price for thigh meat relative to breast meat. Dietary enrichment with flaxseed would be required for 4.54 d on the low flaxseed diet and 2.75 d on the high flaxseed diet, increasing live production costs by $0.060/kg and $0.085/kg, respectively. Thus, the optimal strategy for producing n-3-enriched thighs from 35-d-old broilers would be to feed a 10% flaxseed diet for 4.54 d before processing. This approach is appealing because it minimizes production inefficiencies, yield losses, and feeding costs, while offering the potential to add value to a lower-valued portion of the carcass.
Two optimal strategies for enriching broiler meat with n-3 fatty acids using ground flaxseed were identified. These scenarios provide valuable information for those wishing to feed ground flaxseed to achieve the objective of n-3-enriched broiler meat. We acknowledge that other methods such as feeding flaxseed oil can also be used to enrich broiler meat with n-3 fatty acids. The current optimal scenarios represent a balanced approach, accounting for additional value of n-3 enrichment of 35-d-old broilers, and decreased performance and yield on diets with ground flaxseed. Optimal breast meat enrichment was achieved by feeding 10% flaxseed for 24.1 d. Optimal thigh meat enrichment was achieved with a 10% flaxseed diet fed for 4.5 d before processing. Notably, sensory testing of these samples (Betti et al., 2009) revealed no differences in consumer perception of the meat at the levels recommended in either of these optimal strategies. Negative effects of flaxseed on broiler performance and yield may be mitigated by flax processing technologies (Oomah and Mazza, 1998; Shen et al., 2005; Wiesenborn et al., 2005) , making n-3 enrichment with flaxseed even more attractive to broiler value chains in the future.
